Introduction {#sec1}
============

Vacuum deposition of epitaxial thin films with in situ monitoring by reflection high energy electron diffraction (RHEED) is a technique capable of controlling growth of complex oxides at the unit-cell level.^[@ref1],[@ref2]^ By sequentially depositing an integer number of unit cells of different materials, layered structures can be formed. For example, SrTiO~3~ can be constructed by alternately depositing complete monolayers of SrO and TiO~2~.^[@ref3]−[@ref5]^ This approach can also be used to deposit films with structures unknown through conventional solid-state synthesis or superlattices, which are wholly unlike materials accessible through normal solid-state synthesis.^[@ref6]−[@ref10]^ Such assembly of a desired structure from constituent building blocks under kinetic control can be seen as analogous to organic and inorganic molecular synthesis and represents an opportunity in the field of synthetic solid-state chemistry that has great potential for discovery of new materials and properties.

The (AO)(ABO~3~)~*n*~ Ruddlesden--Popper (RP) series of oxides, with their layered structure of *n*ABO~3~ perovskite blocks separated by a single rock salt layer along the (001) direction (Figure [1](#fig1){ref-type="fig"}), are ideal candidates for layer-by-layer assembly. RP structures are of general interest as they permit the introduction of rock salt layers to control the interactions between electronically or magnetically active perovskite layers. While structures with *n* \> 2 are rarely able to be produced through conventional ceramic synthesis, examples with *n* ≤ 6 have been grown epitaxially, and in addition the incorporation of different perovskite blocks within the RP structure is possible.^[@ref3],[@ref5],[@ref11]−[@ref13]^ A set of compounds that has attracted great attention is the (SrO)(La~(1--*x*)~Sr~*x*~MnO~3~)~n~ series, where the mixed valence manganite perovskites La~(1--*x*)~Sr~*x*~MnO~3~, which are well-studied compounds with a rich magnetic phase diagram, can be further modified by the introduction of nonmagnetic SrO layers. This is of particular interest for *x* = 0.33 La~0.67~Sr~0.33~MnO~3~ (LSMO), which is the archetypal colossal magnetoresistive oxide. The structural, magnetic, and magnetoresistive properties of the *n* = 1,2 RP phases derived from La~(1--*x*)~Sr~*x*~MnO~3~ have been mapped out in detail across the entire composition range 0 ≤ *x* ≤ 1.^[@ref14]−[@ref21]^ While the *n* = 1 phase shows no ferromagnetic ordering at any composition, in the region of *x* = 0.33 the *n* = 2 member is a ferromagnetic metal, which displays low field magnetoresistance due to the weak field-tunable coupling between the perovskite bilayers.^[@ref22]^ The *n* = 3 member of this series appears to be inaccessible at any *x* value in the La~(1--*x*)~Sr~*x*~MnO~3~-derived family by conventional ceramic synthesis at high temperature, so its magnetic ground state is of considerable interest.

![(SrO)(La~(1--*x*)~Sr~*x*~MnO~3~)~*n*~ Ruddlesden--Popper structures with *n* = 1 (left), *n* = 2 (center), and *n* = 3 (right). The La/Sr A cations are represented as blue spheres and the Mn as red oxygen coordination octahedra.](ja-2011-11138x_0001){#fig1}

Despite the high level of interest in layered LSMO-derived manganites generally, there have been only a few reports of attempted artificial construction of such materials, and these have been limited to the *n* = 1, 2 phases, which are already known in the bulk. Tanaka and Kawai deposited (SrO)(LSMO)~2~ with *x* = 0.4 using a PLD protocol based on deposition from LSMO and metallic Sr targets.^[@ref23]^ Their films showed the expected ferromagnetic ordering. Recently, MBE has been used to deposit the *n* = 1, *x* = 0.33 compound by sequentially depositing SrO, LaO, and MnO~2~ layers, resulting in high-quality films where the A site ordering was controlled through the deposition process.^[@ref24]^ While use of layer-by-layer assembly has been limited, PLD growth of *n* = 2 RP manganite phases from single phase targets has been undertaken by several groups, and generally leads to greater structural quality as assessed by X-ray diffraction (XRD).^[@ref25]−[@ref27]^ Typically high substrate temperatures (around 900 °C) are needed to allow formation of the desired large *c* parameter phase, because considerably more atomic rearrangement is required in the out-of-plane direction as compared to the growth of simple perovskite blocks or rock salt layers. Matvejeff et al. deposited Ru doped and undoped (SrO)(LSMO)~2~ using RHEED monitoring to help understand the complex growth mode, caused by large-scale rearrangements of the growing film to form the *n* = 2 material.^[@ref28],[@ref29]^ Other forms of deposition such as sputtering or spray pyrolysis are also able to form *n* = 2 RP films from stoichiometric starting materials.^[@ref30]−[@ref32]^

Here, we report the synthesis of the *n* = 3, *x* = 0.33 material (this specific composition is referred to throughout as RP3) using RHEED monitored layer-by-layer thin film growth of three unit cells of LSMO followed by a single atomic layer of SrO. The films were deposited on SrTiO~3~ (STO) (001) single crystals. The *ab* plane of the RP3 structure resembles the perovskite structure, so this plane epitaxially matches the substrate, resulting in RP3 films with the long *c* axis out of plane. Because the target phase is not known in the bulk, lattice mismatch cannot be calculated exactly, but assuming the RP3 phase inherits the bulk *x* = 0.33 LSMO parameters,^[@ref17]^ then mismatch with STO is +0.77%, that is, slight tensile strain. The stability of the resulting material is understood in terms of the energetics revealed by DFT calculations and found to be due to kinetic trapping of the layered structure rather than epitaxial strain stabilization. At this composition, in the structure accessed through the layer-by-layer growth, the magnetic ground state is not the ferromagnetic one adopted by the *n* = 2 and *n* = ∞ materials, but rather an anisotropic glassy magnetic ordering is observed that is similar to the ground state of the *n* = 1, *x* = 0.33 phase.

Experimental Section {#sec2}
====================

Pulsed laser deposition (PLD) experiments were performed with a Neocera PLD instrument. Growth was monitored with a double-differentially pumped high pressure reflection high energy electron diffraction (RHEED) system supplied by STAIB, Germany. Polycrystalline LSMO and SrO targets were fabricated using standard high temperature ceramic synthesis. To synthesize LSMO, La~2~O~3~, MnO~2~, and SrCO~3~ were weighed in appropriate amounts, ground, pressed into a pellet, and densified using a cold isostatic press, then fired at 1300 °C in air for 52 h. To form a SrO target, SrO was pressed biaxially in an Ar glovebox, and the resulting pellet was annealed under flowing N~2~ at 1150 °C for 12 h. The target was stored in an Ar drybox while not in use. Because of the nature of the PLD apparatus, while loading the SrO target into the chamber, transfer through air was unavoidable. To mitigate the effects of this on the target, laser ablation was used to remove surface SrCO~3~ and Sr(OH)~2~ contamination after installation of the target and before each deposition. The phase and composition of each target were checked using powder X-ray diffraction (XRD) and energy dispersive X-ray (EDX) analysis, respectively. STO (001) oriented single crystal substrates with miscut \<0.2° were supplied by PiKem Ltd. Substrates were cleaned ultrasonically in acetone and ethanol. A TiO~2~ terminated surface was produced using the method of Koster et al.,^[@ref33]^ which is as follows. Cleaned substrates were treated ultrasonically in Millipore water for 15 min to form a hydroxylated surface. Substrates were then placed in NH~4~F buffered HF solution of pH 5 for 30 s, rinsed in Millipore water, then annealed in air at 950 °C for 1 h. Atomic force microscopy of such treated substrates revealed a step and terrace pattern characteristic of singly terminated surface (see [Supporting Information](#notes-1){ref-type="notes"}, Figure S1).^[@ref33]^ After introduction to the PLD chamber, substrate surface quality was assessed using RHEED. The RHEED gun was operated at 30 kV, and the incidence angle with the sample surface was \<3°. The desired growth atmosphere (0.7--10 mTorr O~2~) was set using a mass flow controller and the targets ablated using a 248 nm KrF excimer laser with a pulse repetition rate of 1--20 Hz. RHEED monitoring was carried out by measuring the intensity of the in-phase specular reflection along a \[110\] azimuth. The number of pulses required for a monolayer of LSMO and SrO was around 120 and 40, respectively, although for each individual deposition the exact pulse number was determined using in situ RHEED, as described in detail below. When using different laser repetition rates, the laser voltage was altered to maintain the same pulse energy, as measured by an in-line energy meter. After the deposition was complete, films were held at the growth temperature, and the oxygen pressure increased to 150 Torr. The films were then cooled at a rate of 20 °C/min under this atmosphere. After cooling, samples were stored in a desiccator. Magnetic properties were measured using a Superconducting Quantum Interference Device (SQUID) magnetometer from Quantum Design (MPMS-7S). Diamagnetic background signals from the substrates were measured on single SrTiO~3~ (001) crystals. To remove possible ferromagnetic contamination, crystals have been annealed in air for 2 h at 650 °C as described by Yee et al.^[@ref34]^

Resistivity measurements were performed in a MPMS-7S cryostat using the External Device Control (EDC) option together with Quantum Design Manual Insertion Utility Probe and an attached Keithley model 6430 Sub-Femtoamp Remote SourceMeter. Thin film samples were measured by the four-point probe technique in van der Pauw configuration with the current in-plane. Electric connections were made by silver paint on sputtered gold electrodes.

Samples for transmission electron microscopy (TEM) investigation were made by making cross sections of the film, gluing two cross section together with the films facing each other, and polishing this down to an approximate thickness of 20 μm, after which the sample was further thinned by ion milling (4 kV, +8° and −8°) until transparency for TEM was achieved.

STEM/EELS was carried out on the Qu-Ant-EM system at the University of Antwerp. It consists of a double aberration corrected FEI Titan^[@ref3]^ (equipped with GIF quantum) operating at 300 keV. The EELS energy resolution is approximately 1.1 eV. The Mn oxidation state was determined from the exact energy onset of the Mn L~23~ edge as well as its energy loss near edge structure (ELNES).The convergence angle was 21 mrad, and the collection angle was approximately 100 mrad. The high angle annular dark field (HAADF) signal was recorded simultaneously.

Further high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images were acquired using an FEI Tecnai G2 electron microscope operating at 200 kV. All of the experimental images were filtered (background subtraction in Fourier space) using the ImageJ software to increase the signal-to-noise ratio.

Computational Details {#sec3}
=====================

To gain further insight into the relative stabilities, structural, electronic, and magnetic properties of LSMO, (SrO)(LSMO)~2~, and (SrO)(LSMO)~3~, we carried out periodic density functional theory (DFT) calculations. All calculations were carried out using the VASP code,^[@ref35]^ the PBE functional,^[@ref36]^ and the projector augmented wave method of treating core electrons.^[@ref37]^ The 4s and 4p states of Sr were treated as valence electrons, along with the outer shell electrons of all elements. A planewave energy cutoff of 500 eV and a 3 × 3 × 3 *k*-point grid were found to give sufficiently converged results and were used throughout. We have used ferromagnetic ordering of the Mn spins, in agreement with the known ground-state ordering of LSMO and (SrO)(LSMO)~2~ at the *x* = 0.33 doping level.^[@ref22],[@ref38]^

The La and Sr ions are expected to be disordered over the crystallographic sites of all three oxides. To simulate this disorder using periodic calculations, we follow the work of Zheng and Binggeli on the perovskite LSMO,^[@ref39]^ in which La and Sr ions are distributed reasonably homogeneously within a supercell. In our calculations, we use 3 × 3 × 3 supercells for LSMO and 3 × 3 × 1 supercells for (SrO)(LSMO)~2~ and (SrO)(LSMO)~3~. For LSMO, La and Sr ions were randomly distributed in the supercell. For the Ruddlesden--Popper materials, the La and Sr ions were randomly distributed within each layer. Five different supercells were used for each composition, each with a different La/Sr ion distribution, and the results averaged to give a mean and standard deviation for all quantities.

Geometry optimization of the ionic positions was performed for every structure until forces on the nuclei were less than 0.01 eV/Å. The cell vectors of the LSMO supercells were also fully optimized. However, the in-plane cell vectors of the Ruddlesden--Popper materials were fixed at the calculated cell parameter of STO (3 × 3.94 Å) to model the strain imposed by growth on this substrate. The out-of-plane lattice parameter was then varied in intervals of 0.01 Å, with ionic positions optimized each time, until a minimum energy value was obtained.

Results {#sec4}
=======

Growth {#sec4.1}
------

The overall approach to deposit the target material La~2~Sr~2~Mn~3~O~10~ (RP3) was to sequentially deposit one atomic layer of SrO followed by three unit cells of LSMO. Artificial construction using RHEED monitored PLD requires layer-by-layer growth of each component as well as low bulk diffusion: fast bulk diffusion perpendicular to the substrate will degrade the deposited layered structure behind the growth front, destroying the desired structure. Layer-by-layer growth occurs within a certain window of adatom surface mobility, which is strongly influenced by substrate temperature.^[@ref40]^ However, at higher temperatures, bulk diffusion increases, and therefore selection of growth temperature is a compromise between these two factors. We found that RP3 was able to form at a substrate temperature of 700 °C and at pressures from 0.7 to 10 mTorr.

Initially, the growths of LSMO and SrO under these conditions were investigated separately. In the case of LSMO, RHEED oscillations were observed over a wide range of conditions, and stoichiometric cation transfer from target to film was confirmed by growth of 400 nm thick LSMO films followed by EDX analysis. Films grown under these conditions showed the nominal cation stoichiometries within error, and the film grown at 10 mTorr showed an out-of-plane pseudocubic lattice parameter of 3.83 A, reduced from the bulk pseudocubic parameter due to tensile epitaxial strain, closely corresponding to that reported elsewhere.^[@ref41],[@ref42]^ No significant change in the lattice parameter was found after annealing at 800 °C in air for 10 h, indicating that the film was close to full oxygen stoichiometry.^[@ref41]^ The film showed low temperature resistivity of 5000 μΩ cm and ferromagnetic (FM) ordering with a saturation magnetization of 2.1 μ~B~/Mn ion at 5 K and a *T*~C~ of 314 K, somewhat lower than reported for optimized LSMO thin film samples, which typically show Curie temperatures close to the bulk value of 370 K.^[@ref43]−[@ref46]^ It is important to note that our LSMO films are grown at conditions optimal for artificial construction of RP3, rather than for thick monolayers of LSMO. Nonoptimized deposition conditions, especially the use of lower growth temperatures, are known to produce LSMO films, which, while they are both cation and anion stoichiometric, show ferromagnetic *T*~C~ and transport properties that differ significantly from the bulk due to extrinsic factors.^[@ref47]−[@ref51]^ In addition, dependence on thin film thickness can also play a significant role.^[@ref51]^ Indeed, after annealing in air at 800 °C, the *T*~C~ in our samples increased to 336 K and the resistivity fell to 600 μΩ cm, despite no change in the cation or, as implied by the invariant lattice parameter, anion stoichiometry.

SrO was grown separately onto TiO~2~ terminated STO and onto a LSMO buffer layer. In both cases, one complete RHEED oscillation was observed, with preservation of the 2D surface features of the RHEED pattern. Extended growth of SrO far beyond one monolayer led to a spotty RHEED pattern indicative of a 3D surface, as did growth of SrO at significantly higher pressures (\>100 mTorr). Our group and others have noted in previous reports of artificial RP growth that "inverted" RHEED oscillations can occur during deposition of rocksalt AO layers onto perovskite surfaces.^[@ref3],[@ref11],[@ref12]^ In the present samples, this was only observed when SrO was deliberately grown onto a half-completed layer of LSMO. Comparison of SrO growth onto these different surfaces is shown in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S2.

STEM EELS was carried out to assess the initial growth of LSMO on nominally TiO~2~ terminated STO (001) substrates, as well as subsequent SrO growth atop the LSMO layers. Figure [2](#fig2){ref-type="fig"} shows a cross-sectional HAADF STEM image of the film substrate interface for a film grown consisting of 10 unit cells of LSMO deposited onto TiO~2~ terminated STO, followed by a single layer of SrO, then followed by further LSMO deposition. It can be seen that the initial LSMO deposition begins with a (La,Sr)O layer, indicating that the substrate surface was BO~2~ terminated as expected. It can also be seen that the SrO layer, which appears darker in the HAADF image due to its lower atomic mass, continues the perovskite structure, rather than forming a rock salt inclusion to the perovskite layering as found in of RP structures. This is expected if the LSMO is BO~2~ terminated, that is, if it preserves the termination of the substrate. It should be noted that samples used for magnetic measurements did not have the initial 10 unit cell LSMO buffer layer.

![STEM images and EELS maps of an La~2~Sr~2~Mn~3~O~10~ RP3 film grown at 2 mTorr consisting of a 10 unit cell LSMO buffer layer, followed by a SrO layer, followed by further LSMO deposition (shown schematically on the left). The HAADF STEM image (center) shows the film substrate interface. The EELS maps (right) for Ti, Mn, and La indicate the position of the film substrate interface and show that the film growth begins with a (La,Sr)O layer. The single deposited SrO layer, which appears as a dark layer on the HAADF image and the La EELS map, can be seen to continue the perovskite structure due to BO~2~ termination of the SrTiO~3~ substrate and initial LSMO layers. Samples with LSMO buffer layers were not used in magnetic measurements.](ja-2011-11138x_0002){#fig2}

Figure [3](#fig3){ref-type="fig"} shows the RHEED response during growth of the sequence (LSMO)~3~/SrO/(LSMO)~3~ directly onto the TiO~2~ terminated STO (001) substrate. The first (LSMO)~3~ block was deposited at 850 °C using a laser pulse rate of 3 Hz and was accompanied by clear RHEED oscillations. Superstructure peaks were observed in \[110\] oriented RHEED patterns taken after the first three unit cell deposition of LSMO (RHEED pattern 2 in Figure [3](#fig3){ref-type="fig"}). These peaks do not correspond to the known polymorphs of LSMO, nor to twinning. They are not present in any RHEED pattern taken after subsequent LSMO layers in the deposition (RHEED images 4,5, Figure [3](#fig3){ref-type="fig"}). The cause of these superstructure peaks is not known, but may be due to a surface reconstruction that occurs in LSMO alone but is inhibited by the layering of LSMO with SrO to form an RP structure. As implied by the RHEED response and STEM/EELS results (Figure [2](#fig2){ref-type="fig"}), after LSMO deposition the surface termination should remain BO~2~ as was the case for the pristine substrate. The LSMO layer was annealed for 10 min at the growth temperature to improve the surface, as determined by an increase in the specular RHEED intensity. The substrate temperature was then reduced to 700 °C: the optimized growth temperature for the RP structure. The first SrO layer was grown onto the BO~2~ terminated LSMO at a laser pulse rate of 1 Hz, which resulted in a clear RHEED oscillation. The in-plane lattice parameter of the completed SrO layer derived from the separation between RHEED spots along the ⟨110⟩ direction (Figure [3](#fig3){ref-type="fig"}) was identical to that of both the starting LSMO surface and the STO substrate, showing that the SrO layer had continued the perovskite structure rather than forming a separate rock salt phase. Such a change in structure from perovskite to rock salt is readily determined by RHEED in this way.^[@ref52]^ Subsequent growth of three unit cells of LSMO also yielded clear RHEED oscillations. Growth of an integer number of LSMO unit cells onto an SrO terminated surface is expected to yield an AO terminated surface, as shown in Figure [3](#fig3){ref-type="fig"}. In this initial growth cycle, the RP structure is not formed; instead, the perovskite structure is continued with the extra SrO layer serving to switch the termination from BO~2~ to AO, as shown in Figure [3](#fig3){ref-type="fig"}, and observed by others in similar deposition sequences,^[@ref53]^ and as observed here by STEM/EELS (Figure [2](#fig2){ref-type="fig"}). Using the pulse numbers from these initial layers, a second cycle of SrO/(LSMO)~3~ was deposited. It is notable that in this second cycle, no RHEED oscillation is seen upon deposition of SrO, but instead a decrease in specular intensity is observed. None of our attempts to optimize the growth conditions could induce a RHEED oscillation during the deposition of SrO atop AO terminated LSMO. This difference in behavior is then likely due to differences in RHEED response upon deposition of SrO on differently terminated perovskite surfaces under these conditions. RHEED oscillations were observed during the subsequent growth of LSMO, which led to recovery of the RHEED intensity close to that prior to the SrO deposition (Figure [3](#fig3){ref-type="fig"}b).

![RHEED response upon growth of LSMO (blue shading) and SrO (red shading) components of the La~2~Sr~2~Mn~3~O~10~ RP3 structure. (a) Standard mode growth of (LSMO)~3~/SrO/(LSMO)~3~ on a TiO~2~ terminated SrTiO~3~ substrate. (b) Subsequent interval mode growth of SrO followed by standard mode growth of (LSMO)~3~. (c) Growth of repeated cycles of (SrO)(LSMO)~3~. The central column shows RHEED patterns taken along a ⟨110⟩ direction. Patterns 1--4 were taken at the points indicated in panel (a). RHEED pattern 5 was taken at the end of the deposition. Kikuchi lines are clearly visible in patterns 1--4, and weakly visible in pattern 5. The diagram to the right shows the initial sequence of deposited layers. The numbered arrows correspond to the positions in panel (a) and the numbered RHEED patterns.](ja-2011-11138x_0003){#fig3}

The pulse numbers obtained from RHEED oscillations seen during growth of the first cycles were used to continue the growth up to a thickness of 20--30 unit cells (55--85 nm). To promote growth of SrO in a single 2D layer, which is necessary for structural fidelity of the growing film, the interval deposition technique was used.^[@ref54]−[@ref56]^ This involves deposition of the exact amount of material necessary for a single unit cell layer as rapidly as possible and has previously been used in deposition of superlattices by PLD.^[@ref56]^ The short time interval for growth of the complete layer minimizes multilevel growth. Accordingly, after accurate determination of the correct pulse number for SrO deposition in the first deposited layer, a laser repetition rate of 20 Hz was used for deposition of subsequent SrO layers. Notably, very little RHEED intensity recovery was seen after interval deposition of SrO (this was also the case if instead this SrO deposition was carried out in standard mode at 1 Hz; see [Supporting Information](#notes-1){ref-type="notes"} Figure S3). A similar RHEED response was observed by Koster et al. in their interval deposition of BaCuO~2~,^[@ref56]^ although they associated this with an incorrect pulse number; in our case, the structural properties of our films (vide infra) suggest that the SrO pulse number defined using the method described above is close to optimal. The LSMO layers were deposited using standard mode PLD, at a laser pulse rate of 3 Hz. The use of this mixed interval mode/standard mode deposition technique yielded considerably higher quality films (as assessed by XRD) as compared to standard mode deposition alone (see [Supporting Information](#notes-1){ref-type="notes"} Figure S3).

The RHEED response during the extended deposition, shown in Figure [3](#fig3){ref-type="fig"}c, is essentially unchanged from that of the second cycle (Figure [3](#fig3){ref-type="fig"}b). RHEED intensity falls during SrO deposition and recovers during LSMO deposition. These oscillations persist throughout the duration of the film growth with a reasonably constant overall envelope. The RHEED pattern along the ⟨110⟩ direction remained streaky, indicating a relatively flat surface.

Gross deviation (\>20%) from the required pulse number for SrO or LSMO led to a gradual dampening of the RHEED oscillations during extended film growth. However, smaller deviations from the optimal pulse numbers were tolerated, and RHEED oscillations persisted throughout, although the resulting films did not show the correct RP3 structure by XRD, as described in detail in the following sections. Even in these cases, however, a streaky RHEED pattern resulted at the end of the growth. The SrO/LSMO growth process is therefore relatively robust; both LSMO and SrO could be grown on partially complete layers of the other material without significantly roughening the surface. While this made maintenance of a smooth surface during growth relatively straightforward, it also meant that the persistence of RHEED oscillations or the observation of a streaky RHEED pattern was not a guarantee of growth of the correct structure. It was observed in general that for this system, the presence of RHEED oscillations and a constant RHEED envelope during growth, and a streaky RHEED pattern at completion of the deposition, were not definitive indicators of formation of the correct structure.

Structural Characterization {#sec4.2}
---------------------------

A cross section of a RP3 film was analyzed using the high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) technique. Figure [4](#fig4){ref-type="fig"}a--f shows regions of the film in which the perovskite trilayer structure is clearly visible. In HAADF STEM images, the intensity of the spots is proportional to *Z*^*n*^ (1 \< *n* \< 2), where *Z* is the atomic number. Therefore, in Figure [4](#fig4){ref-type="fig"}, the bright spots correspond to the heavier A site cations. There are two different A cation sites in the ideal *I*4/*mmmn* = 3 Ruddlesden--Popper structure: the 9-coordinate rock-salt (R) site and the 12-coordinate perovskite (P) site. In bulk ceramic samples containing multiple A site ions, the difference in R and P site coordination can drive cation ordering, with the smaller radius cation favoring the lower coordinate R site.^[@ref57]^ Because La^3+^ is only slightly smaller than Sr^2+^, this effect is expected to be small for RP structures based on LSMO, but is measurable.^[@ref57]^ For the deposition technique used here, which is by its nature a far from equilibrium process, different A site orderings might be expected. In the deposition sequence used to synthesize RP3 samples, three perovskite blocks, with A site stoichiometry La~0.67~Sr~0.33~, are deposited followed by a rock salt layer with only Sr on the A site. In this "as-deposited" structure, there are now two distinct R sites (labeled R1, R2 in Figure [4](#fig4){ref-type="fig"}, model A), one with La~0.67~Sr~0.33~ on the A site and one with only Sr. In a second conceivable A site arrangement (Figure [4](#fig4){ref-type="fig"}, model B), the cations in neighboring rock salt layers might mix, resulting in a Sr-rich composition (Sr~0.67~La~0.33~) on the R sites and a La-rich composition (La~0.67~Sr~0.33~) on the P sites. This is the "mixed R site" structure. Figure [4](#fig4){ref-type="fig"}, model C, shows a random distribution of Sr and La over both R and P sites. Figure [4](#fig4){ref-type="fig"}a--f also shows three HAADF-STEM images of different areas of the film, showing correspondence to the different models.

![Models of the ideal La~2~Sr~2~Mn~3~O~10~ RP3 structure with different A site orderings; the A site cations are colored (La blue, Sr yellow) according to their occupancy: (A) The as-deposited structure with pure SrO rock salt layer. In this structure, the R sites may be split into R1 and R2, as described in the text. (B) The mixed R site structure. (C) The structure with disorder of La and Sr over both sites. (a--f) Cross-sectional HAADF TEM micrograph of an RP3 film grown at 2 mTorr. Bright spots in (a),(d),(f) represent A site cations. (a),(c),(e) are plots of image gray scale value against distance in the growth direction calculated from the TEM images shown. Vertical lines represent half unit cell distances; the positions of the P and R sites are shown in one such division. The P sites in (a) and (c) have greater HAADF image intensity, corresponding to greater mean atomic number and showing that the P sites are La rich and the R sites are Sr rich, with further distinction between the R1 and R2 sites as in model A apparent in (a). This ordering is contrary to the thermodynamically stable arrangement and shows the as-deposited ordering is partially kinetically trapped.](ja-2011-11138x_0004){#fig4}

A plot of image intensity against distance in the growth direction, shown in Figure [4](#fig4){ref-type="fig"}a--f next to each experimental image, reveals peaks corresponding to the A site positions. Peaks arising from the different A sites can be distinguished by their peak separation; the R--R distance is smaller than the P--P distance due to its intervening MnO~2~ layer. The HAADF pixel intensity plot reveals a difference in the occupation of the P and R sites. Figure [4](#fig4){ref-type="fig"}a shows a region that resembles the contrast expected for the "as-deposited" ordering, that is, an R1 layer made up entirely of Sr, therefore showing low HAADF intensity, and the R2 and P layers predominantly composed of La, and showing higher and equal HAADF intensity. In the region shown in Figure [4](#fig4){ref-type="fig"}c,d, the P sites generally have higher pixel intensity as compared to the R sites, suggesting that the P sites are more La rich. Neighboring R peaks have similar intensity, suggesting little or no difference in the occupation of the R1 and R2 sites and thus more extensive mixing between the initially LSMO- and AO-derived rock salt layers. However, in other areas of the film (Figure [4](#fig4){ref-type="fig"}e,f), this distinction between P and R sites is almost absent, and all A sites appear with similar HAADF image intensity. Therefore, it appears from the TEM analysis that some areas of the film show A site ordering, with the R sites being Sr rich and the P sites La rich, while other areas show no such ordering. The observed "mixed R site" and "as-deposited" orderings, where present, are contrary to the expected equilibrium cation ordering; the smaller A cation, La^3+^, is found predominantly on the higher coordinate P sites in ordered regions of our samples, rather than on the lower coordinate R sites as expected. Therefore, it seems that the unstable ordering is formed due to the mode of deposition, specifically the deposition of rock salt layers containing only Sr on the A site, while the perovskite blocks are deposited with A site composition La~0.67~Sr~0.33~. The observed cation ordering, either as-deposited or where the R1 and R2 sites are compositionally mixed, but the P and R site composition is appreciably different from the expected equilibrium values, is likely then a result of only limited A cation mobility at the deposition temperature. The A cations can exchange between neighboring R layers, but exchange between R and P layers is more limited.

The relative stability of different A site orderings was examined using DFT. The "as-deposited" and "mixed R site" models shown in Figure [4](#fig4){ref-type="fig"} were modeled using the supercells shown in Figure [5](#fig5){ref-type="fig"}. The DFT results are in agreement with the experimentally observed A site ordering. The formation energy of the five "mixed R site" structures, calculated relative to LSMO and SrO, is −0.29 ± 0.02 eV/formula unit (FU), showing that the RP3 phase is calculated to be more stable than LSMO and SrO. The corresponding formation energy of the five "as-deposited" structures is −0.26 ± 0.03 eV/FU. The "mixed R site" structures are more stable than the "as-deposited" structures with a pure SrO layer, suggesting that mixing of the R1 and R2 sites should occur, as seen in experiment. Furthermore, R sites in the mixed structures are Sr rich with composition La~0.33~Sr~0.67~ and the P sites are La rich with composition La~0.67~Sr~0.33~, consistent with the ordering observed from the TEM analysis. The desired cation ratios are readily accommodated within the 3 × 3 supercells. Tabulated Mn--O bond lengths can be found in the [Supporting Information](#notes-1){ref-type="notes"}, Table S1.

![Structural diagrams of two representative supercells used in the DFT calculations for the La~2~Sr~2~Mn~3~O~10~ RP3 films, with the (a) "as-deposited" and (b) "mixed R site" layer compositions for the rock-salt layers. (La blue, Sr yellow) Also shown are diagrams of the (c) ferromagnetic and (d) A-type antiferromagnetic orderings used in the DFT calculations, with the magnetic moments on the Mn cations represented as black arrows.](ja-2011-11138x_0005){#fig5}

Symmetrical θ/2θ XRD scans showed peaks that were indexed to the (00*l*), with *l* = even, reflections of the tetragonal RP3 phase, with additional peaks due to the SrTiO~3~ substrate. For the RP3 film shown in Figure [6](#fig6){ref-type="fig"}a, all expected peaks up to (00[20]{.ul}) are present. Bragg peak intensities were simulated in FullProf using the as-deposited, mixed R site, and random arrangements of A cations (these structures are shown in Figure [4](#fig4){ref-type="fig"}). The simulated results are shown in Figure [6](#fig6){ref-type="fig"}a; according to these, the various A site orderings cause only small changes in the expected (00*l*) diffracted intensities, and it was found that each arrangement, including the mixed R site arrangement implied by TEM, matches well to the experimental sequence. However, notably in films where there was a slight deviation from the correct pulse numbers for growth of the LSMO or SrO layers, the expected (00*l*) intensities were not observed, most notably in the (002) peak, which was typically much reduced in intensity. Gross deviations from the correct pulse numbers resulted in an absence of all but the intense (008) and (00[14]{.ul}) reflections, and as such the correct sequence of diffracted intensities appears to be a sensitive test for formation of the correct structure. Examples of diffraction patterns from defective films are shown in the [Supporting Information](#notes-1){ref-type="notes"} (Figure S3). Bulk Ruddlesden--Popper phases display a range of defects,^[@ref58]^ and the films that do display RP3 diffraction patterns with correct intensities also contain defects corresponding to higher *n* ([Figure S4](#notes-1){ref-type="notes"}), and steps parallel to the substrate--film interface ([Figure S5](#notes-1){ref-type="notes"}). These steps can occur along both directions *a* and *b*, with a relative shift of the unit cells along the *c*-direction.

![(a) XRD pattern from an La~2~Sr~2~Mn~3~O~10~ RP3 film on an SrTiO~3~ (00*l*) substrate. Vertical bars shwo the intensity of simulated RP3 (00l) *I*4/*mmm* diffraction peaks using the as-deposited (green) mixed R site (red) and random (blue) arrangements (see text and Figure [4](#fig4){ref-type="fig"} for description of these arrangements). Asterisks mark diffraction from the substrate (b) change in lattice parameter *c* with varying growth pressure. The dashed line represents the value expected from simple extrapolation based on the *n* = 1 and *n* = 2 members of the series (c) ω-scan (rocking curves) taken around the RP3 (00[14]{.ul}) peak (black) and STO (002) peak (red).](ja-2011-11138x_0006){#fig6}

Varying the growth pressure from 0.7 to 10 mTorr led to changes in the out-of-plane lattice parameter, *c*, from 28.38 to 27.88 Å, as shown in Figure [6](#fig6){ref-type="fig"}b. Where cation composition and structure allow, as it does in this case, oxide films grown at low pressure are commonly oxygen deficient. Oxygen over- or under-stoichiometry in perovskite manganites has a strong influence on magnetic properties because it alters the Mn charge state.^[@ref43]^ It has been shown that changes in lattice parameters are often a poor measure of oxygen stoichiometry in perovskite oxides, because assumptions of precise cation stoichiometry are often unfounded.^[@ref59]^ However, in bulk and thin film LSMO, there is convincing evidence that oxygen deficiency leads to a larger lattice parameter as compared to the stoichiometric compound, due to an increase in ionic radius of the Mn cations.^[@ref43],[@ref60]−[@ref62]^ Considering the careful optimization of the PLD process to yield cation stoichiometric growth, we therefore interpret the observed decrease in lattice parameter of the RP3 films with increasing growth pressure as indicative of increasing oxygen content in the films. The structural parameters of the RP3 phase have not previously been reported, but simple linear extrapolation from the *c* parameters of the analogous RP1 (*c* = 12.48 Å) and RP2 (*c* = 20.14 Å) phases yields a predicted RP3 *c* value of 27.80 Å for the bulk phase.^[@ref62]−[@ref65]^ The calculated *c* parameters of RP3 using DFT were 27.79 ± 0.03 Å for the "as-deposited" structure and 27.78 ± 0.02 Å for the "mixed R site" structure. The observed film lattice parameter for the sample grown under 10 mTorr O~2~, which was 27.88 Å, is therefore very close to the extrapolated and calculated values. Given that the epitaxial strain is low in this system (+0.77%), the lattice parameters for a fully oxygen stoichiometric film would be expected to correspond closely to the bulk. While the comparison between predicted bulk and observed thin film lattice parameter suggests that the films grown at 10 mTorr are close to stoichiometric in oxygen, it also implies that the films grown at lower pressures were significantly oxygen deficient. Consistent with this, cross-sectional STEM EELS, carried out on the film grown at 2 mTorr, showed a variation in Mn charge state throughout the thickness of the film, suggesting oxygen deficiency because the cation stoichiometry was not found to change. Furthermore, post deposition annealing of films at 600 °C in 1 bar of oxygen led to a reduction in lattice parameter in films grown at lower pressure (0.7--2.0 mTorr), suggesting they were oxidized, but no such lattice parameter change was observed in the film grown at 10 mTorr, again suggesting that it is close to full oxygenation. Omega scans centered on the RP3 (00[14]{.ul}) peak and the SrTiO~3~ (002) peak were carried out along low symmetry in plane directions, and showed peaks with FWHM's of 0.067° and 0.012°, respectively, with peak maxima at identical omega offset values, showing that film and substrate were closely aligned (Figure [6](#fig6){ref-type="fig"}c). Broadening of the base of the peak in the omega scan taken from the film indicates a degree of twinning in the films, which was found in high-resolution scans (not shown) to mirror that seen in the substrate. Alternatively, such broadening may indicate a degree of mosaicisity present in the film independently of the substrate.^[@ref66]^ Off axis diffraction peaks were measured using reciprocal space maps (RSM). The RSM of the RP3 film recorded around the SrTiO~3~ (013) peak is shown in Figure [7](#fig7){ref-type="fig"}. Peaks originating from the film are indexed as the (01[21]{.ul}) and (01[23]{.ul}) peaks of the RP3 phase. In the high-resolution scans, an elongated shape to these films peaks is further evidence of a somewhat mosaic like structure.^[@ref67],[@ref68]^ From the centroid of these peaks, the in-plane RP3 lattice parameter was determined to be *a* = 3.91 Å, very close to that of the SrTiO~3~ substrate (3.905 Å). This suggests that the film remains strained to the substrate throughout its thickness (70 nm), which is not unexpected for an epitaxial film with a comparatively low mismatch (+0.77%). The alignment of the off axis film and substrate peaks along the ⟨001⟩ direction indicates there is no measurable tilt between the film and the substrate. Notably, no perovskite peaks nor other RP phases are detected in any diffraction pattern, either symmetrical scan or reciprocal space map. The observed *c/a* ratio of 7.25 is close to that found for bulk Ca~4~Mn~3~O~10~ (7.22),^[@ref69]^ which itself lies within the range usually found for bulk *n* = 3 RP materials.

![Reciprocal space maps of La~2~Sr~2~Mn~3~O~10~ RP3 film grown at 0.7 mTorr around the STO substrate (013) peak. (a) Wide angle, low-resolution scan showing substrate and two RP3 peaks with gradients plotted on a log scale for ease of comparison (color key in bottom right corner). The peaks are collinear along (010) showing a high degree of alignment between film and substrate. High-resolution scans around RP3 (01[23]{.ul}) and (01[21]{.ul}) are shown in (b) and (c), respectively, with gradient lines plotted on a linear scale; each contour represents 50 count/s. The elongated shapes are indicative of a degree of mosaicisity in the films.](ja-2011-11138x_0007){#fig7}

Magnetism {#sec4.3}
---------

Figure [8](#fig8){ref-type="fig"} shows the temperature dependence of the magnetic susceptibility, measured in the magnetic field *H* = 1 kOe during warming after cooling in zero-field (ZFC, ○) or during cooling in the same field (FC, ●) from 300 to 5 K. The magnetic field was applied in the *ab* plane (in-plane, Figure [8](#fig8){ref-type="fig"}a) or in the *c* direction (out-of-plane, Figure [8](#fig8){ref-type="fig"}b). The in-plane ZFC curve increases as the temperature is lowered and then starts to decrease at temperatures below 34 K, showing a cusp. In comparison, the in-plane FC curve does not have a strong anomaly at 34 K, but shows a kink at temperatures below 34 K. In contrast, the out-of-plane ZFC curve is rather flat below 34 K with a smeared cusp around 20 K, and the out-of-plane FC curve starts to deviate in the same temperature interval. The comparison between the in-plane and the out-of-plane curves demonstrates the magnetic in-plane anisotropy of the film. Further, we can see a magnetic freezing process taking place below *T*~C~ = 34 *K*. By comparison with the results for the *n* = 1 member of Moritomo et al.,^[@ref65]^ these findings can be interpreted in terms of a spin glass (SG)-like ground state. Note that the measured susceptibility for our samples has the same order of magnitude as in the case *n* = 1 with *x* = 0.3,^[@ref65]^ while the corresponding freezing temperature is higher (34 K for *n* = 3 here vs 16 K for *n* = 1).

![Temperature dependence of magnetic susceptibility *M*/*H* for thin film La~2~Sr~2~Mn~3~O~10~ (insets: low-temperature data magnified), measured during warming in the magnetic field *H* = 1 kOe after zero-field cooling from 300 to 5 K (○) or during cooling in the field from 300 to 5 K (●). Magnetic field was applied parallel (a) or perpendicular (b) to the layer plane *ab*, respectively. Diamagnetic background signal of the SrTiO~3~ (001) single crystal substrate has been subtracted from the raw data.](ja-2011-11138x_0008){#fig8}

To prove this hypothesis, we performed a memory effect test^[@ref70]^ by measuring ZFC magnetic moment *m* versus *T* curves during warming from 5 to 65 K in the applied in-plane magnetic field *H* = 1 kOe after cooling the sample in zero-field from 300 to 5 K in two different cooling protocols. In the first protocol, the cooling process has been interrupted for an intermittent stop at the waiting temperature, 5 K \< *T*~wait~ \< 65 K. The cooling was then resumed after a waiting time, *t*~wait~, to measure *m*. In the second protocol, the sample was cooled in zero-field without any interruptions, to measure the reference curve *m*~ref~ for the first cooling protocol. By plotting both curves together, as in Figure [9](#fig9){ref-type="fig"}, a dip becomes visible in the vicinity of *T*~wait~ \< 34 K. It has its origin in the magnetic state "aging" during the waiting time *t*~wait~. In parallel, no difference is observed for the waiting temperature *T*~wait~ = 40 K, which is above 34 K. This proves a magnetic state relaxation below *T*~g~ = 34 K. Note that a comparable relaxation of a ferromagnetic domain state would result in a "global" decrease for the whole temperature interval below *T*~wait~. In contrast to that, we observe here another characteristic feature of the SG state, the so-called rejuvenation,^[@ref71]^ as shown by the recovery of the ZFC curve after the waiting, if measured at temperatures, which are far enough from *T*~wait~. Both effects can also be seen in the temperature dependence of the difference *m*~ref~ -- *m*, showing the characteristic "hole" in the vicinity of *T*~wait~. Thus, the measurements of the magnetic memory effect prove that the magnetic state below 34 K can be interpreted as a SG-like state.

![(a--c) Magnetic moment, *m*, versus temperature, *T*, measured on La~2~Sr~2~Mn~3~O~10~/SrTiO~3~ (001) in applied magnetic field, *H* = 1 kOe, parallel to the layer plane *ab*. Measurements were performed during warming from 5 to 65 K after zero-field cooling from 300 to 5 K with (●) and without (reference curve, ○) intermittent stop at waiting temperature *T*~wait~ = 24 K (a), 30 K (b), and 40 K (c) with the corresponding waiting times *t*~wait~ = 1.5 × 10^4^ s (a) or 1.0 × 10^4 ^s (b,c), respectively. (d) Difference Δ*m* = *m* -- *m*~ref~ versus temperature *T*, calculated between the curves, *m*, measured after waiting at *T*~wait~ = 24 K (■), 30 K (green ●), and 40 K (blue ▲) and the reference curve, *m*~ref~, respectively. Lines correspond to averaging between five adjacent values in the cases of *T*~w~ = 24 K (black) and *T*~w~ = 30 K (green). The positions of the dip holes are indicated by arrows.](ja-2011-11138x_0009){#fig9}

In addition, we measured thermoremanent magnetization (TRM) during slow warming at rates 1 K/min from 5 K after cooling in the 30 kOe field from 300 to 5 K (Figure [10](#fig10){ref-type="fig"}a). With increasing temperature, we observe first a rapid decay of the TRM values until *T* ≈ 34 K, followed by a gradual approach to zero up to 150 K. The moment remaining at higher temperatures can be assigned to magnetic impurities within the SrTiO~3~ substrate. For discussion of the temperature interval 34 K \< *T* \< 150 K, see below. In Figure [10](#fig10){ref-type="fig"}b, the slow TRM relaxation versus time at *T* = 24 K is shown after cooling to 24 K in the field *H*~fr~ = 1 kOe, and removing the field after 120 s waiting time. In contrast, no relaxation was observed at *T* = 40 K in a TRM versus time measurement under the same conditions, in agreement with results of the memory effect test (Figure [9](#fig9){ref-type="fig"}). More clearly, the relaxation is illustrated by fits to the stretched exponential decay, *m* = *m*~0~ exp\[−(*t*/τ)^β^\], which is often encountered in glassy systems.^[@ref72]^ The fitting yields exponent values β = 0.357 ± 0.096 and 0.005 ± 0.055 at *T* = 24 and 40 K, respectively, with the exponent β = 0.357 being close to the typical SG values,^[@ref73]^ and that above the freezing temperature being zero within error.

![(a) Temperature dependence of thermoremanent magnetization (TRM) per Mn ion, *m*~Mn~, for thin film La~2~Sr~2~Mn~3~O~10~ (RP3), measured during warming after field cooling in *H* = 30 kOe from 300 to 5 K. Inset: Low-temperature data magnified. (b) Time dependence of TRM, measured after field cooling in *H* = 1 kOe from 300 to 24 K (○) and to 40 K (●), respectively. Magnetic field was applied parallel to the layer plane *ab*. Solid lines present best fits to the stretched exponential decay *m* = *m*~0~ exp\[−(*t*/τ)^β^\].](ja-2011-11138x_0010){#fig10}

The relatively small volume of material in thin film samples makes detailed analysis of relaxation and ac-dynamics by means of SQUID magnetometry a challenging problem, which still needs to be solved. Without these sorts of tests, we cannot reach a definitive conclusion about the nature of the observed low-*T* glassy state. A comparison with another spin glass system, La~1--*x*~Sr~*x*~CoO~3~,^[@ref74]^ leads us to an assumption of a "pure" atomic, not cluster, SG in the case of our RP3 phase, because of the relatively sharp cusp form in the ZFC curve (Figure [8](#fig8){ref-type="fig"}a) and due to the reduced glass freezing temperature of 34 K. However, given the nature of the samples, this cannot be a definitive assignment.

The idea of the SG-like state is supported by the magnetic hysteresis loops, measured in the in-plane geometry at temperatures below and above the freezing temperature, 34 K (Figure [11](#fig11){ref-type="fig"}). We see no magnetic saturation up to the maximum field of 6T. Both branches of the hysteresis loop at 5 K coincide with each other at fields above 30 kOe. In combination with the reduced magnetic moment of about 0.6 μ~B~ per Mn ion at 60 kOe, this indicates the presence of frustrated AF and FM interactions. A nonlinear magnetic field dependence as seen at *T* = 75 K might be explained by a small fraction of homogeneous long-range ferromagnetic order coexisting in the in the film. In fact, careful examination of Figure [8](#fig8){ref-type="fig"} reveals small deviations between the ZFC and FC curves for both field orientations at temperatures above 34 K up to 150 K. It could also have its origin in magnetic spin correlations in a paramagnetic regime, which have been observed before in layered *n* = 2 RP phases^[@ref62]^ and 2D ferromagnets.^[@ref75]^

![Magnetic moment per Mn ion, *m*~Mn~, versus applied magnetic field, *H*, measured at different temperatures with the field parallel to the layer plane *ab*. The solid lines are guides to the eye. Diamagnetic background signal of the SrTiO~3~ substrate, −0.0329 μ~B~/kOe, has been subtracted from the raw data, as obtained from the corresponding hysteresis loop measurements on a SrTiO~3~ (001) single crystal.](ja-2011-11138x_0011){#fig11}

A comparison of the temperature dependences of the magnetization in 1 kOe (Figure [8](#fig8){ref-type="fig"}) and 10 kOe (Figure [12](#fig12){ref-type="fig"}) for both sample orientations shows the disappearance of the cusp in the ZFC curve for the out-of-plane orientation in the higher field. In the in-plane geometry at *H*~fr~*=*10 kOe, one can still observe a cusp corresponding to magnetic freezing, although at a lower temperature of 28 K. A similar picture is observed for the comparison between the in-plane and out-of-plane orientations in Figure [8](#fig8){ref-type="fig"}. This interesting finding proves the in-plane character of the magnetic frustration, which is responsible for the SG-like state. Similar examples can be found in the Ising-type spin glasses Fe~2~TiO~5~ and Fe~0.5~Ti~0.5~MnO~3~.^[@ref76],[@ref77]^ The in-plane and out-of-plane anisotropy becomes clearly distinguishable at temperatures below 150 K (as compared to 370 K for the corresponding bulk single crystal *n* = 2 phase and 300 K for *n* = 1),^[@ref62]^ which is significantly above the freezing temperature of the SG-like state. Apparently, anisotropic exchange interactions in combination with spin fluctuations are responsible for this effect.

![Temperature dependence of magnetization *M* for thin film La~2~Sr~2~Mn~3~O~10~, measured during warming in magnetic fields, **H* =*10 kOe, from 5 to 300 K. Measurements were performed on warming after zero-field cooling (filled symbols) or after field cooling (open symbols) in the field *H*~fr~*=* 10 kOe from 300 to 5 K, with the magnetic field applied parallel (squares) or perpendicular (circles) to the film plane *ab*. Diamagnetic background signal of the SrTiO~3~ (001) single crystal substrate has been subtracted from the raw data.](ja-2011-11138x_0012){#fig12}

Consistent with the structural response to growth in different pO~2~ and postsynthesis annealing, there is no significant change in the magnetic behavior on postdeposition annealing in O~2~, and additionally the same magnetic features were observed in different samples prepared in the same fashion.

DFT calculations of ferromagnetically ordered RP3 give a mean magnetic moment of 3.33 μ~B~ on the Mn atoms. We also performed calculations for one of the "as-deposited" and one of the "mixed R site" structures of RP3 with A-AF ordering, as is found for some *n* = 2 compositions and is predicted for the related RP series La~3--3*x*~Ca~1+3*x*~Mn~3~O~10~.^[@ref78]^ The spins within each MnO~2~ layer were FM aligned, and each layer within the perovskite block was AF aligned with its neighbors. Layers were FM aligned across the rock salt layers. The FM and A-AF structures are shown in Figure [5](#fig5){ref-type="fig"}. For both A site orderings, the *c* parameter was reduced to 27.64 Å upon imposition of A-AF ordering, which was found to be 0.02 eV/FU less stable than the FM ordering. The mean magnetic moment was reduced to 1.11 μ~B~/Mn atom, one-third that of the FM ordering, as expected. The relative instability and reduced *c* parameter of the A-AF ordering suggest that this is not the ground-state magnetic ordering for RP3, although we note that the energy difference as compared to FM ordering is small.

Transport Properties {#sec4.4}
--------------------

Temperature dependence of in-plane resistivity, ρ~ab~, shows insulating or semiconducting behavior with no indication of any phase transitions between 100 and 360 K (Figure [13](#fig13){ref-type="fig"}). This behavior is consistent with our conclusions of a SG-like magnetic ground state. Qualitatively, the resistivity curve of RP3 has strong similarity with that of the *x* = 0.3 RP1 phase (which also has a SG-like ground state) and is different from the RP2 phase, which shows a phase transition close to the FM *T*~C~.^[@ref16],[@ref24],[@ref62],[@ref65]^ The room temperature resistivity of RP3 is within an order of magnitude of single crystal RP1 and RP2 samples of similar composition. At low temperature, the order of in-plane resistivity is RP1 \> RP3 \> RP2, with differences of more than an order of magnitude in each case. That RP3 shows lower in-plane resistivity than RP1 might be expected given that RP3 has thicker conducting perovskite blocks. The still lower resistivity of RP2 can be explained by its transition to a metallic FM state at low temperatures.^[@ref62],[@ref65]^

![Temperature dependence of in-plane resistivity ρ for thin film La~2~Sr~2~Mn~3~O~10~, measured during cooling.](ja-2011-11138x_0013){#fig13}

Discussion {#sec5}
==========

Substrate Strain versus Growth Kinetics {#sec5.1}
---------------------------------------

Despite intense interest in the layered perovskite manganites, very few examples of *n* = 3 Ruddlesden--Popper manganites have been studied. The pure Mn^4+^*n* = 3 RP phase Ca~4~Mn~3~O~10~ has been produced in bulk form; the Sr and Ba analogues form a distinct orthorhombic structure with corrugated layers of linked Mn~2~O~12~ units.^[@ref69],[@ref79]−[@ref85]^ Synthesis of phase pure A site doped mixed valence *n* = 3 phases is more problematic; the stability of the *n* = 3 structure for Ca leads to limited La doping (up to 10%) of bulk Ca~4~Mn~3~O~10~, although this was not enough to significantly change the magnetic ground state,^[@ref86]^ and more heavily doped *n* = 3 La~2.1~Ca~1.9~Mn~3~O~13~ with the unusual *c*/*a* = 6.9 and a ferromagnetic ground state accessible as strained films on MgO.^[@ref85]^ It has not so far proved possible to access and magnetically characterize *n* = 3 phases in the RP series derived from the archetypal colossal magnetoresistive oxide LSMO. Moritomo et al. were unable to produce single crystals of (SrO)(LSMO)~3~.^[@ref62]^ High pressure synthesis has been attempted, but yielded a mixture of products.^[@ref87],[@ref88]^ Bulk synthesis of two (SrO)(LSMO)~3~ phases was reported, but no details of structural parameters or phase purity were given.^[@ref64],[@ref89]^ An alternative to A site doping is electron doping of Ca~4~Mn~3~O~10~ by introduction of pentavalent ions onto the B site, which has successfully introduced ferromagnetism into these compounds, although B site substitution will naturally have an additional effect on the magnetic interactions.^[@ref90],[@ref91]^ It appears that it is very challenging to produce phase pure samples of *n* = 3 manganite phases in general, and (SrO)(LSMO)~3~ in particular through standard bulk synthesis methods. Furthermore, our attempts at ceramic synthesis of the RP3 composition studied here failed to yield the desired product. As presented earlier, DFT calculations showed that RP3 is predicted to be 0.3 eV/FU more stable than stoichiometric amounts of SrO and LSMO, initially suggesting that it should be possible to synthesize RP3 by conventional solid-state methods. However, the energetics of the calculated RP3 structures suggest that RP3 is roughly as stable as a combination of RP2 and LSMO. If the energy of the "mixed R site" layer structures of RP3 are compared to stoichiometric amounts of RP2 and LSMO, RP3 is found to be only 0.07 ± 0.02 eV/FU more stable than phase separated RP2 and LSMO. A similar treatment of the "as-deposited" structures finds that RP3 is 0.12 ± 0.03 eV/FU less stable than RP2 and LSMO. Given the similar stabilities of the oxides, it is likely that attempts to synthesize RP3 using conventional bulk methods are hindered by the competitive formation of RP2 and LSMO.

Two potential driving forces for the stabilization of thin films of RP3 are substrate-induced strain and kinetic trapping of the structure. The thin films are grown epitaxially on a STO substrate with a slight lattice mismatch. The induced strain is seen to propagate throughout the whole thin film and could result in stabilizing RP3 with respect to RP2 and LSMO. To investigate this possibility, we carried out calculations on one "as-deposited" and one "mixed" structure of RP3 in which the *a* and *b* lattice parameters were allowed to relax, rather than fixing them to the calculated value of STO (3.94 Å). The results were the same in each case. As expected, relaxation of RP3 resulted in a decrease of the calculated in-plane RP3 lattice parameters from 3.94 to 3.91 Å, representing a lattice mismatch of +0.8% between relaxed RP3 and STO, very close to the observed value of +0.77%. There was a corresponding increase in the *c* lattice parameter from 27.8 to 27.9 Å upon relaxation. The fully relaxed structures were only 0.02 eV/FU more stable than the strained structures. It seems unlikely that an energy shift on this scale would be sufficient to dramatically stabilize RP3 relative to RP2, suggesting that strain does not play a significant role in driving RP3 synthesis. Instead, it seems likely that RP3 synthesis in the LSMO system here is the result of kinetic trapping, with the deposition of three LSMO layers on SrO initially forming the RP3, which is unable to phase separate into RP2 and LSMO under the synthesis conditions.

Magnetism {#sec5.2}
---------

Mixed valence perovskite manganites are model systems for the study of competing magnetic interactions that occur with varying d orbital occupation. In the layered Ruddlesden--Popper manganites, the magnetic perovskite layers are separated by a nonmagnetic layer in the *ab* plane, and this reduced dimensionality introduces yet greater variation in ground-state magnetic properties. In the series La~(*n*--*nx*)~Sr~(1+*nx*)~Mn~*n*~O~3*n*+1~, the *n* = 1 and *n* = 2 members have been extensively characterized.^[@ref14]−[@ref21]^ For the *n* = 1 structure, no long-range ferromagnetic (FM) ordering is observed at any composition, *x*, attributed to reduced influence of the FM double exchange interaction due to greater electron localization in the single perovskite layer.^[@ref21],[@ref64],[@ref65]^ The *x* = 0 compound, containing only Mn^3+^, is antiferromagnetically (AF) ordered, with moments ordered parallel to the *c* axis and a Neel temperature (*T*~N~) of around 128 K.^[@ref18],[@ref21],[@ref92]^ Magnetic frustration induced by the increasing prevalence of FM exchange interactions causes *T*~N~ to decrease with increasing *x*, vanishing between *x* = 0.1 and 0.2, signifying loss of long-range magnetic order.^[@ref18],[@ref93]^ From *x* = 0.2 to around 0.5, a glassy state with no long-range magnetic order exists due to competition between the energetically similar AF and FM exchange mechanisms.^[@ref65]^ Above *x* = 0.5, AF order re-emerges,^[@ref92],[@ref93]^ possibly with moments orientated in the *ab* plane.^[@ref18]^ There is greater variation in magnetic ground state in the *n* = 2 compounds, although some trends are comparable to those seen for *n* = 1.^[@ref14]−[@ref17],[@ref19],[@ref20],[@ref22]^ Below *x* = 0.3, intrablock FM ordering, with moments ordered parallel to the *c* axis, occurs accompanied by interblock AF interactions, yielding a net AF ground state with zero overall moment. Increasing *x* yields FM ordering from *x* = 0.3--0.5, initially ordered parallel to the *c* axis (up to *x* = 0.32, where *T*~C~ is at a maximum) before switching to the *ab* plane, this transition being driven by changes in population of the e~g~ orbitals caused by lessening Jahn--Teller distortion with increasing *x*.^[@ref94]^ Increasing *x* above 0.5 yields first A-type AF ordering, with spins aligned FM within each *ab* plane, and across rock salt layers, but AF between perovskite layers. Because *n* is even, this arrangement nominally yields a net zero moment. No long-range magnetic order exists in the composition interval 0.66 \< *x* \< 0.74, and at higher *x*, first C-type then G-type AF order is seen.

We observe a glassy magnetic state in our RP3 samples, which have *x* = 0.33. In our samples, the distribution of A site cations within the structure may provide the criterion of randomness, while competition between FM Mn^3+^--Mn^4+^ and AF Mn^3+^--Mn^3+^, Mn^4+^--Mn^4+^ interactions could be responsible for the magnetic frustration. These factors are known to cause the glassy state in the case of the *n* = 1 RP phase as described above.^[@ref18]^ This is in contrast with the *n* = 2 phase, for which the *x* = 0.33 member has a FM ground state.^[@ref22]^ Indeed, if the arguments presented above for the prevalence of AF order in the *n* = 1 compounds, that is, reduced dimensionality of the perovskite block leading to electron localization, are accepted, it would follow that the *n* = 2, 3, and higher materials would have decreasing localization and enhanced FM exchange, favoring more strongly FM ordering and eventually tending to the properties of the perovskite (*n* = ∞), which at *x* = 0.33 is FM ordered above room temperature. While the *n* = 2 member follows this trend, our results suggest that such arguments do not hold for *n* = 3. To explore this observation, DFT was used to calculate magnetic ground states for the various possible A site orderings; however, modeling of SG order by DFT calculations is a relatively complicated task, as the defining characteristics, disorder and magnetic frustration, are not straightforward to model using DFT.^[@ref95]^ Our DFT calculations on the RP3 phase reported here reveal only a small difference (0.02 eV) between predicted ground-state energies for the FM and the A-type AF long-range orders, which may indicate frustration caused by competing exchange interactions is a realistic conclusion in our materials. Interestingly, the DFT study of Lan et al. on the Ca-based *n* = 3 phases La~3--3*x*~Ca~1+3*x*~Mn~3~O~10~ also shows that in the doping range 0.39 \< *x* \< 0.96 the FM and AF ground states closely compete energetically.^[@ref78]^ This is influenced by the differences in geometry and hence orbital occupation for the outer perovskite Mn ions (adjacent to a rock salt layer) and the inner Mn ions. This distinction between inner and outer Mn ions does not occur in the *n* = 1 or 2 structures, where there is a single Mn site. We investigated the differing environments of the inner and outer Mn ions in the two structures used for DFT calculations, which are shown in Figure [5](#fig5){ref-type="fig"}, by calculating the bond valence sum (BVS) for each Mn ion, as well as for the Mn ions in the RP2 structure of corresponding composition (note the calculated M--O bond lengths are given in the [Supporting Information](#notes-1){ref-type="notes"}, Table S1). In the RP3 mixed R site structure, the BVS for the inner Mn was 3.42 as compared to the outer Mn, which was 3.37. In comparison, for the RP2 mixed R site structure, the Mn ion had a BVS of 3.37. In all cases, the calculated BVS for the as-deposited A site ordering was within 0.01 of the mixed R site value. This indicates that the different A site orderings considered here have only a small effect on the coordination environment of the Mn ions. It is clear, however, that there is a significant difference in the coordination geometry of the inner and outer Mn ions within the *n* = 3 perovskite trilayer, which may drive the magnetic frustration observed. It appears then that for the *n* = 3 RP phases, the region of glassy magnetic ground state caused by competing FM and AF interactions occurs in a region of the phase diagram different from the *n* = 2 phase. It is possible that the prevailing magnetic ground state at *x* = 0.33 alternates with increasing *n*, forming a SG like state for *n* = odd and a FM state for *n* = even. Further work on higher members of this LSMO-based RP series must be undertaken to determine this.

Of course, comparison of thin film and bulk magnetism is complicated by a number of factors. Epitaxial strain is known to substantially affect ordering temperatures and can introduce magnetic anisotropy where it is not present in the bulk.^[@ref39],[@ref45],[@ref46],[@ref61]^ Nonstoichiometry, either cation or anion, can be more difficult to detect in thin films and also materially affects the magnetic properties.^[@ref21],[@ref59]^ Furthermore, artificially constructed materials, by the nature of their synthesis, are likely to contain different concentrations and types of structural defects than single crystals or powders produced through other means. We have attempted to minimize the effects of all of these factors through selection of a low mismatch substrate, careful optimization of stoichiometric growth of the LSMO component and oxygen content of the RP films, and detailed structural characterization (including TEM and comparison with simulated XRD patterns). The lower Curie temperature of our LSMO monolayers as compared to the bulk may indicate some nonstoichiometry (either cation or anion), although other factors such as microstructure and grain boundary density may be important in determining *T*~C~.^[@ref96]^ Our deposition of LSMO monolayers was under conditions optimal for RP3 deposition, and as such we did not seek to optimize the microstructure of thick LSMO films. As described above, no cation off stoichiometry was detected using EDX, and the lattice parameter of our RP3 films suggests the oxygen stoichiometry is close to nominal.

Another factor remains, which is the differing A site ordering. It appears from our TEM results that there is a distribution of A site orderings, with some regions having "mixed R site" ordering (Figure [4](#fig4){ref-type="fig"}), some having the "as-deposited" order, and some showing random A cation distribution. The effect of these changes on the magnetic interactions of the Mn ions is unclear, but it may be to contribute to the disorder required for the formation of a glassy magnetic state.

Conclusion {#sec6}
==========

Layer-by-layer growth by pulsed laser deposition gives access to the *n* = 3 member of the (SrO)(La~0.67~Sr~0.33~MnO~3~)~*n*~ Ruddlesden--Popper series based on the LSMO colossal magnetoresistive perovskite. The growth of high-quality material is not guaranteed solely on the basis of the RHEED monitoring because of the ability of the structure to accommodate defects, with a range of diffraction patterns accessible with pure Ruddlesden--Popper unit cells. The A site ordering is largely controlled by the deposition kinetics, with a preference for the Sr^2+^ cations to occupy the 9 coordinate sites that is contrary to expectations based on bulk synthesis. The observed spin glass-like ground state is consistent with the competition between AF and FM ground states apparent from DFT calculations on the systems grown here. It is possible that an odd--even alternation between ferromagnetic and spin glass ground states occurs in this series, with the observed behavior displaying strong anisotropy and several temperature regimes arising from competing intra- and interlayer interactions, as expected from the layered structure. These properties motivate the search for higher n members and alternative methods to control the A site ordering in this class of materials.

Details of substrate preparation, RHEED response on growth of SrO on different surfaces, a comparison of interval and standard mode deposition of SrO, and tabulated Mn--O bond lengths derived from DFT calculations. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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